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The efficiency of the yield of second harmonics in n-GaAs. n-Ge and n-Si 
is estimated by simple method without using the Boltzmann transport e-
quation at room temperature. For n-GaAs the efficiency of 10 percent is 
obtained for the optimum de bias field. about the threshold field. and the 
efficiency of 4 percent for n-Ge and n-Si at about Vo/,uo. i.e .. the ratio of 
the saturation velocity to the low-field mobility. The maximum value of the 
component of second harmonics in n-GaAs is from approximately 6 to 10 
times higher than that in n-Si and n-Ge if these three semiconductors 
have the same carrier concentrations. In this estimation. an equation 
which fits the nonlinear velocity-field characteristics is assumed for each 
semiconductor. 
1 Introduction 
1 
The relation between current density and applied electric field is nonlinear due 
to hot electrons when a high electric field is applied across a semiconductor slab, 
i.e .. the conductivity depends on field (1). The investigations of the bulk properties 
of semiconductors at high electric field have been carried out for these two decades. 
Recently the second harmonic generation (SHG) -due to this nonlinearity has been 
demonstrated in the current density in polar and nonpolar semiconductors by several 
authors (2) - (7 J when· a microwave field directed parallel to a high dc bias field 
is applied. Analytically the Boltzmann transport equation leads to an expression for 
the component of SHG in the current density. which follows very cumbersome 
calculations of the distribution function. It can be expected. however. that an e-
quation of the nonlinear velocity-field relations will lead to the expressions of higher 
harmonic components in the current density. 
In this paper. the second harmonic components are estimated easily by using an 
expression for the nonlinear velocity-field relations in semiconductors. In Secs. 2 
and 3. an empirical relationship is described. which fits the drift velocity-field 
characteristics for n-GaAs (8 J ; for n-Ge and n-Si is used the previously published 
hyperbolic approach (7 J . Moreover. are calculated the efficiency and the optimum 
dc bias field for SHG. and the maximum value of the second harmonic components 
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for each semiconductor. In Sec. 4. an upper limitation of frequency of the applied 
ac field is discussed and the conclusions drawn in this paper are briefly summarized. 
2 The velocity-field characteristics 
At low electric fields the drift velocity in a semiconductoT is proportional to 
the electric field. When the fields are sufficiently large. however. the relationship 
between the drift velocity and electric field becomes nonlinear. For n-GaAs there 
is a critical electric field where the drift velocity no longer increases but begins 
to decrease. For n-Ge and n-Si a saturation of drift velocity is observed. In this 
section an equation which is fit for the nonlinear relations will be given. 
(I) n-GaAs 
In n-GaAs a high-mobility valley lies at the center of the Brillouin zone and a 
low-mobility satellite valley along the <100> -axes. about 0.36 eV higher in energy. 
The effective mass of the electrons is 0.068mo in the lower valley and about 1.2mu 
in the upper valley. and the density of states of the upper valley is about 70 times 
that of the lower valley*. As the field increases. the electrons in the lower valley 
may be transferred into the normally unoccupied upper valley. resulting in a dif-
ferential negative resistance. 
The drift velocity in n-GaAs is given by (8): 
I1E + VoCEI Eo)4 VCE) = ............ , - ......................................... (1) 
1 + (EI Eu)4 
where V is the drift velocity. E the electric field. 11=8000 cm 2/V· s. Vu=8.5 x 106cm/ s 
and Eu= 4000 V /cm. The velocity-field characteristics computed from (1) is shown 
in Fig. 1. 
C II) n-Ge and n-Si 
As the field increases. the average en-
e rgy of the carriers increases. and they 
have an effective temperature which is 
higher than the lattice temperature. The 
velocity deviates from the ohmic line and 
the mobility becomes lower than that at 
low-fields. At sufficiently high fields the 
drift velocity approaches a saturation ve-
locity. 
For n-Ge and n-Si, the nonlinear veloc-
ity-field relation is assumed to be de-
picted in the form of a hyperbola which 
has two asymptotes. V = 1100 + r)E + EVo and 
V=Vo• and then given by (7) 
* m 0 is the free electron mass 
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Fig. 1. Calculated drift velocity of 
electrons vs electric field in n-GaAs. 
(V -/.toO + r)E- .aVo) (V - VII) =a.·· ............................................ (2) 
where 
aC ~O) 
/3 
r 
V 
/.to 
E 
Vo 
hyperbolic parameter 
intersectional coefficient 
correcti ve coefficient 
carrier velocity 
low-field mobility 
electric field 
carrier saturation velocity. 
3 
The velocity-field characteristics calculated from (2) is shown in reference (7), 
and the hyperbolic equa tion (2) gives a good approxima tion f or the nonlinea r 
relations with suitable values of a. /3 and r. 
3 SHG in the current density 
Since a de bias field Ed and a microwave field EI with frequency ware applied 
to a semiconductor sample in the same direction simultaneously. the total applied 
electric field may be taken in the form 
E = Ed + E1exp( - jwt).· ......................................................... (3) 
where E/}>E I and w>O. The current density I can be expanded in terms of higher 
harmonics due to nonlinearity as follows: 
l=neV=10+llexpC-jwt)+lzexpC-2jwt) + .................................... (4) 
where n is the carrier concentration and e is the electronic charge. 
C I) n-GaAs 
From CD. (3) and (4). the second component 1z is given by 
- ;p 12= ne1+Z (/.tEl-lOW + 16WZ) + VoZ(6 - 22W + 16W2) J C5 ) 
where 
From (5). tbe efficiency TJ is given by 
TJ=I~I = _.1._ (-lOW + 16W2+~ C6-22W + 16W2)J II 1 + Z /lEd .................... (6) 
where I II I = ne/lE I• 
It may be expected qualitatively that the yield of second harmonic has its 
maximum value a t a dc bias field near the threshold field. considering the n-GaAs 
velocity-field characteristic. Fig. 2 shows the calculated values of 112 I and 
TJ versus electric fields near the threshold field when EI/ Ed = 0.1 (i.e .. A. = 0 .D. The 
efficiency is 10 percent for its optimum bias field which is a li ttle lower than 
4 
3 
-:9 (]) 
c 
'--.. 
N 
--, 
2 
(a) 10 
..--.. 
;;e 
.e-
5 
> 
u 
z 
w 
U 
i:L 
l..L 
W 
00 1 2 
ELECTRIC ELECTRIC 
Fig. 2. (a) Yield of second harmonic vs electric field. 
(b) Efficiency of SHG vs electric field. (n-GaAs). 
the threshold field. 
( b) 
This estimation is carried out on condition that a high-field domain is not 
able to grow, i.e., the product of nand L is on the order of or less than 10 12 
cm -2, where L is the semiconductor sample length. 
( IT) n-Ge and n-Si 
From (2), (3) and (4), the second component 12 and the efficiency TJ are given 
by : 
and 
n = I ~: I = a/L,Cl + r )E,/ ({/L,Cl + r )E, - VoO - Ell' + 4a l"', . . . .. .. . . .. .. . . . . . . .. .. (8) 
where I II I = ne,uoCl + 7)E 1• 
The ca1cula ted values 0 f I 12 I and TJ versus normalized electric field ,uoEdlVo 
when EIIEd=O.l are shown in Fig. 3. 
The maximum values f or the yield and the efficiency 0 f S H G are presented 
in Table I. For n-Ge and n-Si, a=(l!10)Vl and ,8=7=1/10 is used (7)· It is 
6 
5 
2 
°0 0 
(a) 
2 CD r:f...=VO /10 
~ cJ.=V02/20 
@ cJ.=V0
2/30 
.5 1.5 2 25 
7 
,.-.,6 
c!-
5 
-c-' 
4 
> ~3 
w 
~2 
lL 
w 
1 
°0 0.5 
( b) 
CD cJ..= V02/10 
(i) d- = Vcl / 20 
@ cJ..=V0
2/30 
1.5 2 2.5 
5 
NORMALIZED ELECTRIC FIELD IJoEc!/VO NORMALIZED ELECTRIC FIELD IJoEc!/VO 
Fig. 3. (a) Yield of second harmonic vs normalized electric field. 
(b) Efficiency of SHG vs normalized electric field. (n-Ge and n-Si). 
Table 
Semicond ucto r 
Mobility(,ull or ,u) 
(cm2/V • s) 
Saturation velocity( VII) 
(cm/s) 
Efficiency of SHG(T]) 
(%) 
Optimum de bias field 
(kV /em) 
I h I max * 
(A/cm2) 
Optimum de bias field 
(kV /em) 
SHG in n-GaAs. n-Ge and n-Si 
n-GaAs 
8000 
8.5 X 106 
10.1 
3.19 
(0.92E\h) 
4.2 
3.40 
(0.98E\h) 
(E\h = 3. 47 kV /cm) 
n-Ge 
3900 
6.0 X 106 
3.8 
1.45 
(0.94 Vol ,ull) 
0.40 
1.63 
Cl.06Vo/,uIl) 
n-Si 
1500 
1.0x10 7 
3.8 
6.27 
(0.94Vo/,uo) 
0.97 
7.07 
(1. 06Vo/ ,ull) 
seen tha t n-Ga As has the highest value 0 f I 12 I max and Tim.. in these three 
materials. tha t the optimum de bias field for S H G in n-Ge is lower than 
that of the others. and that the optimum bias field in n-Si is the highest. 
Consequently it is suggested that n-GaAs is the most favourable. n-Ge is the 
second and n-Si the third. considering the yield and the efficiency 0 f S HG, and 
6 
its optimum dc bias field in these three. 
4 Conclusions 
The efficiency of the yield of second harmonics in polar and nonpolar semi-
conductors is es tima ted a t room tempera ture. The eQua tion (D for n-GaAs. and 
the hyperbolic equa tion (2) for n-Ge and n-Si, is used. which fi ts the nonlinea r 
velocity-field characteristics. The nonlinearity is caused by the electron-phonon 
in teraction and other scattering mechanism. and the yield 0 f S H G is calcula ted 
using this nonlinearity in this treatment. Since the acoustic phonon and 
nonpolar optical phonon are assumed to be the dominant sca ttering in n-Ge 
and n-Si, and the acoustic phonon. polar optical phonon and the intervalley 
sca ttering dominant in n-GaAs. in the range 0 f carrier concentra tions 0 four 
in terest. this analysis may be valid f or a range 0 f frequency much less than 
the collision frequency. 
As a result. it is summarized as follows: 
1) The efficiency of SHG in n-GaAs is about 10 percent for the optimum bias 
field which is a Ii t tle lower than the threshold field. 
2) The efficiency of SHG in n-Ge and n-Si is about 4 percent for the optimum 
bias field which is nearly equal to the value 0 f the ratio 0 f the sa tura tion 
velocity to the low-field mobility. 
3) The maximum value of the yield of second harmonic in n-GaAs is the 
highest. tha t in n-Si is the second and tha t in n-Ge the third a t the same 
carrier concen tra tion in these three semiconductors. 
4) The optimum dc bias field for S H G in n-Ge is the lowest. tha t in n-GaAs 
is the second and n-Si has the highest one. 
5) An equa tion which expresses the nonlinear drif t velocity-electric field char-
acteristics gives the estimation of SHG by simple calculations. while the 
Bol t zmann transport equation follows considerably cumbersome procedures 
f or this type 0 f phenomenon. 
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